Since the discovery of graphene, many efforts have been done to modify the graphene structure for integrating this novel material to nanoelectronics, fuel cells, energy storage devices and in many other applications. This leads to the production of different types of graphene-based materials, which possess properties different from those of pure graphene. Porous graphene is an example of this type of materials. It can be considered as a graphene sheet with some holes/pores within the atomic plane. Due to its spongy structure, porous graphene can have potential applications as membranes for molecular sieving, energy storage components and in nanoelectronics. In this review, we present the recent progress in the synthesis of porous graphene. The properties and the potential applications of this new material are also discussed.
Introduction
Graphene, a two-dimensional (2D) sheet of sp 2 -hybridized carbon atoms, initially as a theoretical model for many years, was employed for describe the properties of other carbon-based materials [1] . However, in 2004, Geim and Novoselov experimentally produced graphene sheets by mechanical exfoliation of graphite [2] , and the unique properties displayed by this material, immediately bring it onto the focus of scientific research [3] [4] [5] . During the past years, different fabrication techniques have developed for the synthesis of graphene. For instance, it can be grown by chemical vapor deposition (CVD) [6] [7] [8] , produced by the liquid phase exfoliation of graphite [9] , thermal exfoliation of graphite [10] , and ultrasonic dispersion of graphitic oxide [11] . All these investigations aim to finding a suitable technique for a large-scale production [2, 3, 12] . Currently, it is necessary to compare these methods, review their advantages and drawbacks, and thereby develop a novel method for large-scale production.
The synthesis is correlated to the outstanding properties of graphene. For instance, due to its unique edge atomic configuration and electronic band structures, graphene exhibits novel transport effects, such as the ambipolar field effect and minimum conductivity that lead to exceptional transport properties such as quantum Hall effects, and a high mobility of carriers [2, 14, 15] . It was reported that by modifying the structure of graphene (basal planes or edges) it is possible to tailor the graphene properties and produce new types of graphene-based materials, which can be employed for the design of nanoscale transistors [16] , gas sensors [2] , fuel cells [17] , solar cells [18] , organic light-emitting diodes (OLEDs) displays [19, 20] , and bio-related sensors [21] . Recently, porous graphene (PG), a graphenebased material, is attracting the interest of many researchers. This material can be described as a graphene sheet with some carbon atoms vacancies (holes/pores) in the plane. Generally, porous materials contain holes either with random or high regularity. Depending on their diameters, the pores can be classified in micropores (diameters below 2 nm), mesopores in the range 2-50 nm, and for diameters above 50 nm, the pores are labeled macropores [22] . Porous carbons are the most employed porous materials, for their high surface areas, hydrophobic nature, and low cost manufacture. They are of great interest, due to their applications in water and air purification. In particular, the porous carbons with micropores are used as molecular sieves and catalyst [23] . While, the ones displaying mesopores and macropores, are usually employed for the adsorption of large hydrophobic molecules, for chromatographic separations and electrochemical capacitors [24] . Porous carbons are usually obtained via carbonization of precursors, followed by activation [25] . Recently, the possibility of using graphene as membrane for gas purification, or for the gas storage, has been located at the spotlight of latest energy-related research [26, 27, 15] . In particular, researchers are studying different approaches for the synthesis of the PG. As aforementioned, PG is a graphene sheet with micropores originating from the removal of some sp 2 carbon atoms from the plane. Due to the spongy structure of this material, PG has been suggested as a suitable membrane for gas separation [28, 29] , energy storage [30, 31] , and as a basic material in nanoelectronics applications [32, 33] .
In this brief review, the technique employed so far for the synthesis of porous graphene will be summarized and discussed with some of its applications. This paper is organized as follows: following the discussion of the scientific signification of porous graphene in the first section, the mechanical and electronic properties will be discussed in the second section, while the main synthetic approaches will be presented in the third one. In the last section, the potential applications of porous graphene will be described. This article is intended to be a useful primer to researchers who are exploring porous graphene as options for innovative materials and functional components for catalysis, energy and nanoelectronics, developing other new applications, such as biomedical and biosensing devices.
Properties of porous graphene

Microstructure
Porous graphene is a modified graphene sheet, where the absence of carbon atoms within the plane creates some holes/pores. Recently, Bieri and coworkers [34] produced a form of porous graphene, with a regular distribution of the pores. Noteworthy, the authors fabricated a two-dimensional (2D) polyphenylene networks with single-atom wide pores and sub-nanometer periodicity by the aryl-aryl coupling on a metal surface of the cyclohexa-m-phenylene (CHP), used as precursor [34] . The pores in the resulting 2D polyphenylene are natural and uniformly distributed with the same width and since the structure of the precursor, the CHP, resembles graphene with periodically missing phenyl rings, the structure of porous graphene can be described by employing the structure of the 2D polyphenylene fabricated by Bieri and co-workers. The unit cell of graphene contains two carbon atoms, while for a 2D polyphenylene layer in a 3 × 3 supercell, the unit cell is composed of two C 6 H 3 rings, which are linked by a C-C bond [35] . As shown in the Fig. 1 , the optimized lattice parameter for 2D polyphenylene is a = b = 7.455Å (which is also the distance between two pores), and agrees well with the experimental value (7.4Å) [34, 35] . The pores of 2D polyphenylene show an electron-deficient characteristic, the pore is hexagonal in shape, and the width of pore is estimated to be almost 2.48Å [35] . 
Mechanical, chemical and physical properties
Pure graphene, as aforementioned, displays outstanding properties. For instance, the value of the Young's modulus ranges from 0.5 TPa [36] , measured using atomic force microscope (AFM), to 1.0 TPa calculated by Lee et al. [37] , who measured the elastic properties and intrinsic breaking strength of freestanding monolayer graphene membranes by nanoindentation with an AFM, and their experiments established graphene as the strongest material ever measured. The in-plane thermal conductivity of graphene at room temperature is among the highest of any known material, about 2000-4000 Wm −1 K −1 for freely suspended samples, even if some works report a value of K ranging from 600 to 5000 Wm −1 K −1 [38] [39] [40] . Porous graphene derives from graphene; therefore, it can take advantage of these properties. In particular, porous graphene can enhance some of graphene performances, since it was reported that the modification of graphene structure could improve its chemical and electronic properties [16] [17] [18] [19] [20] [21] . For example, Shao and co-workers reported that nitrogen-doped graphene showed a higher electrocatalytic activity toward oxygen reduction and H 2 O 2 reduction than pure graphene [17] . Consequently, many studies have been conducted on the properties of porous graphene. However, the optimized performance of the resulting materials with adding the modification of graphene sheets has to be controlled. For example, Ha and coworkers reported the effects of chemical modification of graphene on the properties of polyimide/graphene nanocomposites. The authors studied different properties of three materials: pure polyimide (PI), polyimide/graphene oxide (PI/GO) composite and polyimide/reduced graphene oxide (PI/rGO) composite. As regard the mechanical properties, it was shown that the incorporation of a certain amount of GO and rGO into PI films can enhanced their tensile strength and tensile modulus, however if the amount of GO and rGO is increased above a certain value the tensile strength and tensile modulus decreased. In particular, the authors reported that as the GO content increased from 1 wt% to 5 wt%, the tensile modulus increased from 22.87 GPa to 36.46 GPa, but a GO content of 7 wt% led to a decrease to 22.32 GPa. This decrease in the tensile properties might be due to the increasing aggregation tendency of the GO layers forming some defects in the nanostructure of the nanocomposites. As regard the PI/rGO nanocomposites, these nanocomposites showed significant enhancement in both the tensile strength and tensile modulus when the rGOD content increased from 1 wt% to 5 wt%, whereas the tensile properties decreased when the filler content is increased to 7 wt%, with a similar trend observed for the GO filler [41] . As the porous graphene is still in its infant stage, the further work is needed to elucidate relative molecular structures, such as, it is unclear the edge state of porous graphene, is in an armchair or a zigzag configuration. However, it displays remarkable features such as a low mass density [42] , a large specific surface area (up to 3100 m 2 g −1 ) [43] , preferred gas permeability [29] , and a higher specific capacitance [44] , etc. Consequently, porous graphene has been proposed for various applications, such as gas separation [45] [46] [47] [48] , energy storage units in lithium batteries and supercapacitors [49, 50] , and nanoelectronics [32, 33] . Recently, porous graphene has been reported as an efficient sorbent which removes oil and organic liquid pollution from water [51, 52] .
Electronic structure
One of the limitations of pure graphene in nanoelectronics is the lack of a band gap [32, 53] , which is the defining concept for semiconductor materials and essential for controlling the conductivity by electronic means [53] A material without a band gap is basically metallic, therefore, not suitable for functionally semiconducting components. Therefore, for several years, researchers studied a way for induce a band gap opening of graphene by doping [32, 53] , chemical functionalization [54] , and introduction of defects and pores [55] . Many computational studies [56] [57] [58] demonstrated that the presence of holes/pores within the graphene plane could induce a band opening in graphene. Shown in Fig. 2 is the band structure for graphene and hydrogenated porous graphene (HPG) [56] . For pure graphene the gap value is 0 eV, while for porous graphene, De La Pierre and coworkers, found a value of 3.95 eV [56] . The reason why porous graphene has a larger band gap, is due to its peculiar aromatic structure. Resonant π bonds are present only inside the benzene-like rings; single C-C bonds that interconnect rings isolate their aromatic units, hindering electron delocalization on the whole structure (contrary to case of graphene) [56] . Depending on the computational methods employed, the band gap values of porous graphene can widely vary. For instance, the density functional theory (DFT) study conducted by Brunetto et al [57] gave a value of 3.3 eV for HPG, which is about 20% smaller than the results reported by De La Pierre [56] . The reason is due to the fact that, pure generalized gradient approximation (GGA) functions underestimate experimental band gap values, while hybrid functionals are usually closer to experiments [58] . Du et al. [32] predicted for porous graphene a band gap of 3.2 eV, for a calculation with the HSE06 hybrid functional (a functional developed by Heyed, Scuseria, and Ernzerhf). This value becomes smaller, reaching the value of 2.34 eV, when local density approximation (LDA) calculations are employed. Despite these studies show different values of the band gap of porous graphene, the most attractive thing is that the presence of pores induces a band gap opening. In light of these results, many studies have been conducted in order to use porous graphene in nanoelectronics [32, 33] .
Synthesis of porous graphene
Porous graphene, as aforementioned, is a graphene sheet, where some carbon atoms in the plane are missing. Therefore, some holes (pores) are created within the plane. The methods employed so far for the synthesis of porous graphene, are summarized below, and involve either physical or chemical approaches.
Modification of suspended graphene sheets by exposure to an electron beam
Fischbein et al. [59] demonstrated the formation of nanopores in suspended graphene sheets by controlled exposure of the sheets to a focused electron beam of a transmission electron microscope (TEM) apparatus. In that experiment, the graphene samples were prepared by mechanical exfoliation of graphite and then transferred to a ∼50 nm-thick suspended SiNx membrane substrate. Before the transfer, the SiNx membrane was patterned with arrays of ∼1 μm 2 holes. By increasing TEM magnification and condensing the imaging electron beam to its minimum diameter, ∼1 nm, and moving the beam position with the condenser deflectors, the pores were created with a diameter of 3.5 nm, as shown in the Fig. 3 . The authors also demonstrated that the porous graphene obtained in such way resulted to be very stable. Moreover, the removal of carbon did not introduce distortions of the graphene sheet, such as folds or wrinkles. 
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Graphene sheets etched with nitrogen in a scanning electron microscope (SEM)
A low-energy focused electron beam in a SEM apparatus with nitrogen gas, successfully produced nanopores of <10 nm in size in graphene sheets [60] , as shown in Fig. 4 . For the preparation of the graphene sheets, graphite was sonicated in isopropanol for 48 h, and after centrifugation, the dispersion was dropped onto a lacey carbon grid and dried naturally. The obtained sample was then placed in a SEM chamber and the electron beam was focused onto the surface of the graphene sheet. The authors found out that, the graphene etching occurred when the electron was focused in the presence of a flux of nitrogen gas, delivered a nozzle inside the SEM chamber. As a consequence, nanopores with a diameter of < 10 nm were introduced within the graphene plane, and a degradation of the graphene structure occurred leading the introduction of lattice damage and amorphization. 2 An example of chemical synthesis of porous graphene is the method reported by Fan et al. [61] . The authors succeeded in the production of porous graphene nanosheets (PGNs) by the etching of carbon atoms on the graphene sheets by MnO 2 . A scheme of the process developed by Fan is reported in Fig. 5 . The starting material was the graphene oxide, synthesized from graphite by a modified Hummers method [62] . In order to obtain the porous graphene, the GO was firstly dispersed in deionized water and the obtained solution was ultrasonicated. The resulting solution was mixed with KMnO 4 , and then the suspension was heated using a microwave oven. The obtained product was mixed with water and hydrazine solution for reduction of GO. In the last step of the reaction, the product was washed with oxalic acid and hydrochloric acid, water and ethanol, respectively. The reaction that takes place is: 4MnO
Etching of graphene sheets by MnO
[Taken from [61] ] According to this equation, the carbon atoms serve as a sacrificial reductant and convert the aqueous permanganate (MnO 4 ) − to insoluble MnO 2 , which remain on the surface of the sheet. After MnO 2 removal, the resulting sheets possess a wrinkled structure and numerous mesopores, with the sizes of about 2.4 nm.
Photoreaction of graphene oxide in O 2 under UV irradiation
Koinuma et al. [63] reported a simple approach for the production of nanopores in graphene oxide (GO) via photoreaction in O 2 under UV irradiation. In this experiment, a solution of graphene oxide was prepared using the Hummers method [62] . The obtained solution was then diluted with pure water, placed on mica and dried under a vacuum. Afterward, a mercury lamp in O 2 was employed for the irradiation of the samples. AFM and X-ray photoelectron spectroscopy were used for the characterization of the samples. The AFM images of the samples obtained are displayed in Fig. 6 . It was found that nanopores together with reduced graphene oxide (rGO) and CO 2 were produced after 1 h of irradiation in O 2 . In particular, the graphene oxide consists not only of sp 2 carbon atoms, but also of oxygenated sp 3 carbon bonding domains, which are oxidized by UV irradiation in O 2 . This evidence can be explained by a mechanism similar to the coal gasification. In particular the GO contains C=C, C-C, CH, epoxide (COC), hydroxide (COH), carbonyl (C=O), and carboxide (COOH) groups, and the authors reported that the oxygen content decreased from 34 to 24 at % after the photoreaction in O 2 . The reactions that take place are written below:
According to the authors the reaction 1 is the trigger reaction for the production of nanopores. In particular, some of the COOH groups could react with C=O to evolve CO 2 (reaction 2), which may produce very small size nanopores. In O 2 , many C=O will be produced by reaction 4, leading to promote the reaction 2 increasing the sizes and/or number of the nanopores. The water generated by reaction 4 will promote the production of COOH (reaction 1) and COH (reactions 1 and 3) in O 2 .
This mechanism was confirmed by the experiments performed employing graphene sheets instead of graphene oxide. The graphene sheets contain only sp 2 π-conjugated domains, and it was found that after their UV irradiation in O 2 , no pores were formed, confirming that that O 2 selectively oxidizes the sp 3 oxygenated groups of GO to produce the nanopores.
Coal gasification of graphene oxide sheets by femtosecond laser irradiation
Recently, we have developed a novel method for the production of porous graphene [64] . In our method, a femtosecond laser is employed for the exfoliation of graphite [64] [65] [66] in water, which led to the formation of graphene sheets. The graphene sheets are then oxidized to graphene oxide (GO) layers by O 2 and H 2 O 2 produced by the laser-induced water breakdown. The resulting sp 3 carbon atoms of the GO layers reacted simultaneously with O 2 in a way similar to that occurring in the coal gasification process. Precisely, coal gasification is a process that occurs when solid carbon-based materials react with oxygen, steam, carbon dioxide, and hydrogen to produce fuel-rich products, such as hydrogen, carbon monoxide, and methane [67] . According to this process, in our method, the free oxygen reacts with the sp 3 carbon atoms of the GO. Therefore, CO and CO 2 molecules are formed, leaving carbon vacancies and creating nanopores within the plane. In Fig. 7 , SEM image of the obtained porous graphene is shown. To further control the laser processing parameters it is possible to generate porous graphene with controllable the pore population and pore size. The detailed work is under way. Fig. 7 SEM image of porous graphene by the coal gasification of graphene oxide by femtosecond laser ablation [64] .
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In addition to the methods described above, there are other ways for the production of porous graphene such as thermolytic cracking of graphene coated polystyrene spheres [68] , the coupling of well-designed molecular building blocks on a metal surface [34] , and the photoreaction of graphene oxide nanosheets in water [69] . All these methods provide porous graphene sheets with pores of different dimensions and most of them are expensive and time consuming, such as a TEM or SEM apparatus is needed [59, 60] or many reactions steps are required as well as the purification of the material [61] . However, the method we developed seems to be a scalable and green approach for the synthesis of porous graphene. It is notable that it is possible to generate monodispersive porous graphene by prohibiting the segregation through adding a proper surfactant [70, 71] .
Applications of porous graphene
The increasing interest toward the porous graphene is related to its unique properties and the aim is to obtain large-area of porous graphene for the design of devices for several applications. In this section we will review the potential applications of porous graphene.
Gas separation
Pure graphene sheets are impermeable to gases due to the high electron density of the aromatic rings that repel any atoms or molecules that try to pass through the graphitic plane. The presence of holes within the graphene plane is necessary to achieve the gas permeability [29] , and for this reason, porous graphene has been extensively studied for its use as membrane for gas separation [45] [46] [47] [48] . In a theoretical study performed in 2008 by Sint et al. [72] , the authors designed functionalized nanopores in graphene sheets and showed that the resulting material could be employed as ionic sieve of high selectivity and transparency. The calculations were done on chemically modified graphene nanopores. The pores were terminated by negatively charged nitrogen and fluorine (F-N-pores), favoring the passage of cations, while the pores terminated by positively charged hydrogen (H-pores), favored the passage of anions. Using molecular dynamics (MD), the authors modeled the passage of different hydrated ions through the nanopores. In the MD simulations, the sheet was placed in a periodic unit cell with ∼10Å of water on each side. One ion was placed in the cell and driven by an electric field E applied in the direction perpendicular to the graphene sheet. From the simulations, it was found that the F-N-pore is only passed by the Li + , Na + , and K + ions, while the H-pore is only passed by the Cl − and Br − ions. This selectivity of the nanopores, even in the presence of a large driving field of E = 0.1 Vnm −1 , is caused by the Coulomb coupling between the ion and the functional groups attached to the nanopore rim. Therefore, the nanopores are also highly selective to the sizes of the ions. Another theoretical study was performed by Jiang and coworkers, in which they computationally demonstrated the possibility of using the porous graphene as a membrane for the separation of molecular gases [29] . In particular, by designing subnanometer-sized pores and modeling their selective diffusion of gas molecules with first principles methods, the authors found out the selectivity of the pores for H 2 over CH 4 . These theoretical studies, on porous graphene as membrane for molecular sieving, have been demonstrated in 2012 by Koenig [28] . In this experiment, graphene sheets were prepared by mechanical exfoliation of graphite and deposited on a silicon substrate where an array of circles was previously defined. The pores were then introduced in the graphene sheets, by ultraviolet-induced oxidative etching. The molecular transports of different gases (H 2 , CO 2 , Ar, CH 4 , N 2 and SF 6 ) through the pores were measured using a pressurized blister test and mechanical resonance. The measured gas leak rates resulted to be consistent with the theoretical models in the literature based on effusion throughångstrom-sized pores [29, 48] . Recently, using molecular dynamics simulations Liu and coworkers [73] showed that porous graphene with pores of ∼3.4Å in size selectively separated CO 2 form N 2 . In particular, the authors tracked the rate of a single-component gas passing through the porous membrane, and by plotting the number of permeate molecules with time for CO 2 and N 2 , the authors noticed that the CO 2 molecules permeated through the pores, while the N 2 did not pass through [73] . The authors obtained a permeance of 2.8 × 10
5 GPU (gas permeation unit) for CO 2 and around 2.9 x10
3 GPU for N 2 , yielding a CO 2 /N 2 selectivity around 100. The same group also investigated the H 2 permeance through a porous graphene membrane by classical molecular dynamics simulations [74] . The employed nanoporous graphene had lateral dimensions of the unit cell of 100Å × 100Å and nanopore density around one per 2500Å
2 . The authors noticed that the H 2 permeated through the nanopores at different pressures and that the passing-through rate increased with the pressure driving force. These theoretical results are consistent with the experimental investigation of Koenig [28] . Liu . This difference, the authors claimed, might be due to the different pore density. The authors suggested that the pore density reported by Koenig was two orders of magnitude smaller than that reported by Liu [74] . Recently, Kim and co-workers experimentally investigated the gas permeation behavior of graphene oxide (GO) membranes [75] . The authors reported that GO films in the dry state were not permeable, however depending on the preparation method, on the presence of water intercalated in the GO layers, and on the nouniform stacking of the layers, GO membranes contained pores and channels, which allowed ingress of gas molecules.
The authors noticed that, when sufficient transmembrane pressure was applied in order to overcome the energy barrier for pore entry and diffusion, the gases can pass through thick GO membranes and that a changing in the GO sheets size could tune the gas permeability [75] . The authors also reported that, when wellinterlocked GO membranes were tested employing feed streams with varying humidity levels; a high CO 2 /N 2 selectivity was achieved. This evidence made these GO membranes suitable for post-combustion CO 2 separation processes. In 2013, Li et al. [76] , performed permeation tests employing ultrathin GO membranes deposited on anodic aluminum oxide (AAO). The authors tested the permeation of different small gases through an 18 nm-thick GO membrane and they reported that H 2 permeated ∼ 300 times faster than CO 2 . Moreover, Li noticed that the H 2 and He permeances decreased exponentially as membrane thickness increased from 1.8 to 20 nm. This exponential dependence of gas permeances on membranes thickness, the authors stated, may be due to the particular molecular transport pathway through the selective structural defects in the GO membranes. The authors found that their ultrathin GO membranes showed superior molecular-sieving performance of H 2 over other gases molecules compared with current membranes. This observation showed that these ultrathin GO membranes were promising materials in pre-combustion CO 2 capture and H 2 recovery for ammonia production [76] .
Energy storage
Lithium-ion batteries
The lithium-ion batteries (LIB) for their low weight and high-energy storage capacity have attracted special attentions in the scientific and industrial fields as power sources for mobile communication devices, portable electronic devices, and electric vehicles [77] . A lithium-ion battery is typically made up of a lithium intercalation anode and cathode and an electrolyte. The energy density and performance of lithium-ion batteries largely depend on the physical and chemical properties of the electrodes materials. The current electrode materials are carbon black, silicon, metal, metaloxides, and graphite. Among them, graphite electrode is the widely commercial anode material for lithium-ion batteries because of its high columbic efficiency [77] . However, due to the capacity limit of graphite, 372 mAhg −1 [78] , the energy density of lithium-ion battery cannot satisfy the increasing requirements of portable electronic devices. For this reason, in recent years, many efforts have been carried out towards the development of new electrode materials for next generation lithium-ion batteries [78] [79] [80] [81] [82] . In particular, graphene-based materials could be one of the promising alternatives as an anode in LIB. It was found that employing graphene nanosheets (GNS) as anode materials in LIB, the capacity increased up to 540 mAhg −1 , and it reached 730 mAhg −1 and 784 mAhg −1 , respectively, by the incorporation of macromolecules of carbon naotubes and fullerenes to the GNS [83] . In 2007, Takamura and his group [84] found out a higher performance of graphitized materials as anodes for Li charge/discharge, when a number of nano-sized holes were present in the graphene layers. Although there are lots of studies in this field it is still in the early stage. The further enhancement of capacities is possible by optimizing the structures of porous electrodes. Recently, hierarchically porous graphene has been proposed as electrode material for lithium-air (Li-air) battery [49] . The lithium-air batteries are usually defined as batteries consist of Li-based anode and air-cathode which constantly extract oxygen from the ambient air. Porous carbon is usually employed as cathode material with metal catalyst particles, which enhance the oxygen reduction kinetics and increase the specific capacity of the cathode. In this type of battery, Lithium in the anode undergoes a redox reaction; it is oxidized forming lithium ions (Li + ) and electrons. The Lithium ions are constantly transported through the electrolyte to the cathode and react with oxygen molecules. Lithium oxide (Li 2 O) and lithium peroxide (Li 2 O 2 ) are generated in the air cathode. This type of battery is one of the most promising technologies, with a theoretical energy density 10 times that of LIB. However, some limitations in Li-air battery development are the relative humidity [85] , oxygen partial pressure [86] , choice of catalysts [87] and many others [49] . Moreover, the precipitation of reaction products (such as Li 2 O 2 ) on the carbonaceous electrode limits the capacity of the Liair batteries since the oxygen pathway results blocked. For this reason, an air electrode with microporous and nanoporosity channels could be useful for facilitating rapid oxygen diffusion and can provide reactive sites for Li-O 2 reactions, respectively [49] . Xiao and coworkers in their work demonstrated the construction of hierarchically porous air electrodes with functionalized graphene sheets (FGSs) that contain lattice defects. Figure 8 shows the structure of functionalized graphene model proposed by Xiao for Li-O 2 battery operation. The three-dimensional (3D) air electrodes developed in this work showed high capacities, which have been correlated with their pore structures. Density functional theory (DFT) calculations suggested that lattice defect sites on the functionalized graphene play a critical role in the formation of small, nanometer-sized discharge products (Li 2 O 2 ) . The authors demonstrated that, the combination of the hierarchical pore structure and the effect of the defects during the discharge process produced a high capacity of 15000 mAhg −1 , which is the highest value ever reported in the Li-air battery field [88] .
Supercapacitors
In the last years, the electrochemical supercapacitors have been regarded as promising power devices for the energy storage due to their high power densities, long cycle life, and low maintenance cost [89, 90] . Thus, supercapacitors could be employed in various applications such as portable electronics and electrical vehicles [50] . Generally, based on the design of the electrodes and on the different energy storage mechanism involved, there are two types of supercapacitors: the electrical doublelayer capacitors (ECDL) based on ion adsorption and the pseudo-capacitors in which the energy is stored through redox reactions [91, 92] . The materials studied so far for supercapacitors are carbon [93] , activated carbon [94, 95] , metal oxides [96] , carbon nanotubes [97, 98] . It was widely reported [94, 95] that, activated carbon could be employed as electrodes in double-layer capacitors, therefore, the capacitance property depends not only on electrolyte but also on the material in terms of pore size distribution, conductivity and so on. In particular, Qu [95] demonstrated that activated carbons with larger percentage of bigger pores are more suitable to high-power supercapacitor applications because it can deliver high energy at a high discharging rate, although it may store the less total energy [95] . Recently, the attention of some researchers moved towards the use of graphene and graphene-based materials for the realization of supercapacitors [99] [100] [101] [102] [103] [104] , due to the large specific area of 2630 m 2 g −1 [99] and high electrical conductivity [2] showed by graphene. In particular, some studies have been done on the use of porous graphene for the realization of supercapacitors [44, 50, 105] . Fan et al. [61] demonstrated that the porous graphene nanosheets (PGNs) synthesized by the etching of graphene sheets by MnO 2 , can be used as electrode in supercapacitors. In this work, the authors found that the PGNs, exhibited a specific capacitance of 154 Fg −1 at 500 mVs −1 compared to a value of 67 Fg −1 for pure graphene nanosheets. They also found a decrease of the capacitance of 12% of the initial capacitance after 5000 cycles, demonstrating a good electrochemical stability of PGNs electrodes [61] . Moreover, compared to the active carbon electrodes, PGNs have better capacitive performances at high rates due to their mesopores structure (pore size 2-50 nm) [102] , that eases the access of electrolytes to electrode material leading to a shorter ion diffusion pathway through the pores [61] . In addition, Zhang and his group demonstrated the use of a porous activated reduced graphene oxide as electrode in supercapacitors [105] . In that work, the porous carbon thin films prepared by simple KOH activation of reduced graphene oxide film, showed a very high specific surface area of 2400 m 2 g −1 . A supercapacitor constructed employing these films as electrodes demonstrated the outstanding power density (∼500 kWkg −1 ) and high-frequency performance. These works highlight the advantages and improvements, in the field of energy storage, made by the use of porous graphene sheets as electrodes, encouraging more investigations on this promising material.
Nanoelectronics
Pure graphene, as aforementioned, is a zero-gap semiconductor [15] and it cannot be employed for field-effect transistors [2] , and many efforts have been done in order to open a band gap. However, cutting graphene sheets into nanoribbons and creating some holes in the graphene plane can open a band gap, leading to the use of these modified sheets for the fabrication of transistors [106] . Porous graphene, due to the presence of holes in the plane, has a band gap that vary from 2.3 up to 3.95 eV depending on the computational methods employed [56] [57] [58] . For such reason, porous graphene has been considered as a promising material for the fabrication of field-effect transistors, as demonstrated by Bai and coworkers [33] . In particular, the authors produced "graphene nanomeshes", which are single-and few-layers graphene sheets into which a high density of nanoscale holes have been created using block copolymer lithography. Moreover, controlling the etching during the fabrication process, the authors stated it was possible to control both the neck widths and the periodicities of the holes. To test the electronic properties of the prepared graphene nanomeshes (GNMs), Bai fabricated a graphene nanomesh-transistor (GNM-FET) and performed electrical transport studies. A scheme of the GNW-FET is reported in Fig. 9 . A three-terminal device was made using the GNM as the semiconducting channel, electron-beam evaporated titanium/gold pads as the source-drain contacts, a highly doped p-type silicon substrate as the back gate, and a 300-nm thermal oxide as the gate dielectric. Employing this system, Bai and coworkers, demonstrated that the GNM-FET can supports currents nearly 100 times greater than that of an individual graphene nanoribbon device, but with a comparable on-off ratio that is tunable by varying the neck width. 
Conclusions and Outlook
In summary, we have showed different preparation methods of porous graphene and we focused on the potential applications of this promising material. Porous graphene is a graphene sheet in which some carbon atoms are missing. Due to this unique structure, porous graphene shows properties different from those of graphene, and for this reason, it has been proposed as a suitable material for gas purification and energy storage. In the last years, many physical and chemical synthetic approaches have been proposed. Some of them, such as the physical method proposed by Fischbein [59] , permit a control on the pores size but it is very expensive. The chemical approaches, consisting of many reactions steps are time consuming, therefore a cheaper method that permits large-scale production of porous graphene is highly desirable. The approach we developed, the coal gasification of graphene oxide employing a femtosecond laser exfoliation of graphite, seems to be scalable and cheaper way to obtain the porous graphene, even if a way for the control of the pore sizes is needed.
More experimental investigations are necessary in order to improve the performances of the existing devices and to explore more applications of porous graphene. For instance, recently it was reported that graphene and graphene oxide could be promising candidates for developing high performance photocatalysts. In particular, composites of either graphene and TiO 2 nanoparticles or graphene oxide and TiO 2 nanoparticles [107] [108] [109] [110] are currently being considered as potential photocatalysts in air and water purification. For its particular properties and for its higher amount of accessible surface area, porous graphene could be a promising candidate as material for the development of new TiO 2 -porous graphene nanocomposites. A first study has been conducted by Stengl [111] , where they synthesized mesoporous TiO 2 -graphene oxide nanocomposites with a specific surface area of almost ∼80-200 m 2 g −1 , larger than those of TiO 2 nanoparticles (P25) [108] .The authors reported a better photocatalytic degradation of butane in the gas phase attributed different effects including the increase in specific surface area. By developing suitable nano-manipulation and nano-assembling techniques [112] porous graphene is a very attractive materials for a range of applications.
